Introduction: Early risk stratification in the emergency department (ED) is vital to reduce time to effective treatment in high-risk patients and to improve patient flow. Yet, there is a lack of investigations evaluating the incremental usefulness of multiple biomarkers measured upon admission from distinct biological pathways for predicting fatal outcome and high initial treatment urgency in unselected ED patients in a multicenter and multinational setting.
Introduction
Emergency departments (ED) are increasingly crowded by patients with both urgent and nonurgent health issues [1, 2] . As a consequence, patients needing urgent care may not be treated in time resulting in poor health outcomes [3, 4] . Earlier risk stratification has the potential to reduce time to effective treatment -a main predictor for patient outcome across different medical conditions, including septicemia [5] , pneumonia [6] , stroke ("time is brain") [7] , and myocardial infarction ("time is heart") [8] . Risk stratification may also improve patient flow and initial site-of-care decisions (i.e., outpatient versus inpatient management). Hence, international guidelines recommend the use of risk scores in well-defined patient populations such as the Pneumonia Severity Index (PSI) in community-acquired pneumonia (CAP) [9] . Yet, there is a lack of a more general risk stratification score for undifferentiated medical patients at the most proximal time point of seeking ED care. At this earliest time point in ED care, risk stratification is most challenging due to lack of thorough clinical information, but may have the biggest potential to reduce time to effective treatment of patients and to improve patient flow.
Several triage systems have been proposed including the Manchester Triage System (MTS), the Australasian Triage Scale (ATS), the Canadian Triage and Acuity Scale (CTAS) and the Emergency Severity Index (ESI) [10, 11] . These scores assign patients based on their presenting symptoms and a combination of vital signs into risk categories with different recommended times for physician assessment [10] . The main rational of these score is to stratify treatment urgency based on clinical "red flags". Yet, only few rigorous clinical studies have investigated the performance of initial triage scores for their ability to improve initial triage decisions and for outcome prediction [10] .
In addition to triage scores, there is high potential in the use of prognostic biomarkers from distinct biological pathways to identify persons who are at risk for high treatment urgency and adverse medical outcome [12] . Many biomarkers have been related to risk in selected ED patient populations, including the prognostic inflammatory marker pro-adrenomedullin (ProADM) [13] [14] [15] [16] [17] [18] [19] , the stress marker pro-vasopressin (copeptin) [19] [20] [21] [22] [23] and the bacterial infection marker procalcitonin (PCT) [24] [25] [26] [27] . Measurement of these biomarkers simultaneously (a "multimarker" approach) in unselected ED patients could enhance early risk stratification.
Herein, we evaluated the incremental usefulness of these three previously reported prognostic biomarkers from distinct biological pathways in a large, international ED patient cohort for predicting death, admission to the intensive care unit (ICU) and high treatment urgency where delays in initial treatment may have detrimental consequences.
Methods

Study design
The TRIAGE study is a multinational, prospective, observational cohort study. From March 2013 to October 2014, we included consecutive medical patients presenting with a medical urgency at three tertiary-care hospitals in Aarau (Switzerland), Paris (France) or Clearwater (FL, USA), respectively. The Swiss hospital (Kantonsspital Aarau) is a 600-bed tertiary-care hospital with most medical admissions entering the hospital over the ED. The French hospital (Hôpital Pitié-Salpêtrière, Paris) is a large inner-city 1800-bed referral center. The US hospital (Morton Plant Hospital, Clearwater, FL) is a 687-bed community referral center. As an observational quality control study, the Institutional Review Boards (IRB) of the three hospitals approved the study and waived the need for individual informed consent (main Swiss IRB: Ethikkommission Kanton Aargau (EK 2012/059); French IRB: CCTIRSComité consultatif sur le traitement de l'information en matière de recherche (C.C.T.I.R.S.), (CPP ID RCB: 2013-A00129-36); US IRB MPM-SAH Institutional Review Board, Clearwater FL [IRB number 2013_005]). The study was registered at the "ClinicalTrials.gov" registration website [28] and the study protocol has been published previously [29] .
Patient sample
Patients seeking ED care for medical health issues and meeting our inclusion criteria at one of the participating hospital EDs were consecutively included. Inclusion criteria were adult medical patients in whom an initial blood draw was done as part of the routine ED assessment. We defined "medical patient" as a patient with an initial predominant medical health issue as judged by the triage nurse. We excluded surgical and pediatric patients, but had no other exclusion criteria in regard to main diagnosis or presenting symptoms to reflect the diversity and challenges of "real life".
Data collection
Upon ED admission, all patients were assessed by a triage nurse and initial triage priority was assigned based on the routine hospital algorithm [10] . All participating centers categorize patients upon ED admission into triage class using a triage score as part of their routine clinical care. The Swiss center uses the German version of the five-level MTS, which has been validated previously [30] . The US center uses the five-level Morton Plant Hospital Triage Acuity Scale based on the French center uses a similar five-level scoring system, which has also been validated in France [31] . All participants provided a medical history and underwent a physical examination with measurement of vital signs and laboratory assessment with collection of leftover blood samples.
We also recorded the main presenting clinical symptoms and complaints, sociodemographics and comorbidities. Upon ED discharge, two independent attending ED physicians adjudicated a medical triage priority based on all medical results available at this time to all patients (high versus low triage priority). In case of disagreement, the case was discussed with a third independent physician until consensus was reached. All information was entered into a case report form (CRF) and stored in a centralized, password-secured databank (SecuTrial).
Throughout the hospital stay, physicians, nurses and social care workers managed patients in accordance to hospital guidelines according to the underlying medical condition and independent of the research team. All patients were contacted 30 days after hospital admission for a telephone interview with a predefined questionnaire to assess vital and functional status, hospital readmission, as well as quality of life, care needs at home and satisfaction with care provided.
Overall hypothesis and research aim
The overall hypothesis of this study is that the addition of prognostic blood markers from distinct biological pathways will improve initial clinical parameters and vital signs for risk stratification and initial triage of patients at an early stage of ED admission. In turn, this may translate into better patient flow and more adequate estimation of triage priority and site-of-care decisions.
Primary and secondary endpoints
One primary and two secondary endpoints were predefined for inclusion in the main prediction analysis. The primary endpoint was defined as all-cause 30-day mortality. To assess vital status, we followed all patients throughout the hospital stay and contacted them by telephone interview 30 days after admission. In case a patient could not be reached, we contacted the family or the patient's general practitioner to assess vital status.
Secondary endpoints were admission to the ICU within 30 days following ED admission and high initial adjudicated triage priority. The decision for ICU admission was left to the discretion of the treating physicians. As outlined above, initial high triage priority was adjudicated by two independent ED physicians. Similar to a previous study, the physicians evaluated post hoc what the real degree of urgency (the "gold standard") would have been, based on all available ED data, results of diagnostic tests, and the final diagnosis at ED discharge. Specifically, the main question for the adjudicators was "under difficult circumstances, what is the maximum possible time that this patient would have been able to wait before being seen?" with options of "patient could not wait", 10 minutes, 30 minutes, 90 minutes, or "no emergency". To further standardize the adjudication, we developed examples prior to the start of this study, which were distributed to adjudicators. In case of disagreement, a third independent physician reviewed the case until consensus was reached among the three. We then dichotomized the initial five priority categories into two categories (i.e., low priority [more than 10 minutes, class 3, 4 or 5] versus high priority [less than 10 minutes, class 1 or 2]).
Definitions of diagnoses and main symptoms at ED admission
Based on the information available at ED discharge, patients were grouped into different main diagnoses (infection, gastrointestinal disease, cardiovascular disease, worsening of general condition, neurological disease, other disease) and symptom categories (general malaise, pain, gastrointestinal symptom, neurological symptom, fever, respiratory symptom). Thereby, the group of "neurological symptoms" included reduced consciousness, dizziness, confusion, syncope or the state shortly after, and neurological deficits.
Blood draws and candidate biomarkers
Leftover blood samples of routinely collect blood tubes on admission were immediately centrifuged, aliquoted and frozen at −20°C for later batch analysis of blood biomarkers. The results of these analyses were not available at the time of hospitalization of the patients and, thus, physicians, patients and outcome adjudicators were blinded to their results. We decided to examine blood markers from three different distinct biologic pathways as candidate biomarkers, namely inflammation (ProADM) [13] [14] [15] [16] [17] [18] [19] , stress (copeptin) [19] [20] [21] [22] [23] and bacterial infection (PCT) [24] [25] [26] [27] based on the previous literature demonstrating a high prognostic potential of these markers. ProADM and copeptin were batch-measured in plasma with a new sandwich immunoassay as described elsewhere [32] [33] [34] 
Statistical considerations and sample size
We aimed to include a total of at least 7000 patients with expected rates for mortality of 5 % (n = 350), ICU admission of 7 % (n = 490) and high treatment priority of 40 % (n = 2800). This provides 35-280 degrees of freedom for each model (with ten outcome in the data set per degree of freedom in the statistical model), and thus high power for the calculation of the main multivariate models overall and in predefined subgroups.
We used multivariable logistic regression models to examine the association of biomarker levels with the primary and the two secondary endpoints. The distribution of raw biomarker data was skewed. After log transformation with a base of ten, the distribution of the biomarker data approximated a normal distribution. We report odds ratios (ORs) and 95 % confidence intervals (CIs) as a measure of association and C-statistics (area under the curve [AUC]) as a measure of discrimination. ORs thereby correspond to a one-unit increase in the explanatory variable and to any tenfold increase in log-transformed biomarker levels (log transformed with a base of ten). As predefined, regression models were adjusted for age and gender (model 1), age, gender, comorbidities, main symptom, main diagnosis (model 2), and for age, gender, comorbidities, main symptom, main diagnosis, vital signs (model 3). To assess the incremental usefulness of one or all biomarker levels to the clinical information available at ED admission, we performed a head-to-head comparison between statistical models limited to clinical information and models with clinical and biomarker information. For this analysis we predefined the clinical models as "initial clinical model" (including only information available at ED admission such as age, gender, main presenting symptom and vital signs), "full clinical model" (including all clinical parameters available at ED discharge such as age, gender, comorbidities, main presenting symptom, main diagnosis and vital signs); and "triage scores models" (including the triage score (one to five triage classes) as assessed in the emergency department). For nested model comparisons, we used the likelihood ratio test as recommended [35] . Finally, we also investigated subgroups for differences in performance between centers, main diagnoses, main symptoms and sociodemographic factors (age).
The effects of adding ProADM to clinical information were further assessed using reclassification methods [36] . The analyses used continuous variable information with evaluation of the effects on risk category reclassification for all three endpoints. This approach separately analyzed the reclassification of persons who did or did not reach the outcome of interest. Reclassification to a higher risk group was considered upward movement in classification for participants not reaching the endpoint. On the other hand, reclassification downward was considered a failure for participants reaching the endpoint. We used risk categories of 5 and 10 % for mortality and ICU admission, and 20 and 50 % for triage priority. We calculated the net reclassification improvement (NRI), which assesses improvement in reclassification over risk categories; we also assessed integrated discrimination improvement (IDI), which can be viewed as a continuous version of the NRI without the recourse to a priori defined risk categories.
Discrete variables are expressed as frequency (percentage) and continuous variables as means and standard deviations (SDs) or medians and interquartile ranges (IQRs). Analyses were performed with STATA 12.2 (StataCorp, College Station, TX, USA).
Results
Patient population
A total of 7342 patients were included in the ED of the participating Swiss, US and French hospitals of whom 7132 patients had follow-up information and were included in the final analysis (n = 4579, n = 1000 and n = 1553). A detailed flow diagram is displayed in the Appendix. The median age was 62 years and 46.7 % of patients were females. The most frequent main complaints at ED admission were neurological symptoms (19.3 %), nonthoracic (17.1 %) and thoracic (14.6 %) pain and respiratory symptoms (13.3 %). The most prevalent main diagnoses were cardiovascular diseases (24.3 %), neurological diseases (22.0 %) and infections (12.6 %). Patients had a high burden of comorbidities including hypertension (39.2 %), coronary heart disease (11.7 %). diabetes (15.3 %) and cancer (13.6 %). Most patients were treated as inpatients (72.8 %) with a mean length of stay (LOS) of 6.0 days and variability among trial sites (range 38.4-100 %). Overall, 46.0 % of patients were adjudicated as having a high initial treatment priority. In regard to adverse outcome within 30 days of ED admission, 6.4 % of patients were admitted to ICU, 2.6 % died in the hospital and 4.6 % died within 30 day of admission. Additional baseline and follow-up patient characteristics of the overall population and stratified according to trial site are presented in Table 1 .
Association of initial blood markers and adverse outcome
In unadjusted logistic regression analysis, we found strong associations of all three measured biomarkers (ProADM, copeptin, PCT) and primary and secondary endpoints, namely 30-day mortality, admission to ICU and high initial treatment priority. These associations remained robust in different multivariate models including age and gender (model 1), age, gender, comorbidities, main symptom, main diagnosis (model 2), and age, gender, comorbidities, main symptom, main diagnosis, vital signs (model 3) ( Table 2) . For mortality prediction, ProADM had the best discrimination value with an AUC of 0.83 compared to 0.78 for copeptin and 0.75 for PCT. For prediction of ICU admission and high initial triage priority, ProADM and copeptin had the best discrimination values as compared to PCT (an AUC of ProADM 0.67 and 0.67, copeptin 0.69 and 0.66, PCT 0.62 vs. 0.58, respectively).
Incremental value of ProADM and biomarker panel on clinical information
To study whether ProADM or a multimarker panel including all three biomarkers would improve risk prediction of available clinical information, we calculated different regression models based on (a) clinical information readily available at ED admission (age, gender, main presenting symptom and vital signs), (b) full clinical information available at ED discharge (age, gender, comorbidities, main presenting symptom, main diagnosis and vital signs) and (c) information from initial triage scores (Table 3 and Fig. 1 ). ProADM was found to substantially improve all models with best improvements for prediction of 30-day mortality (from AUC 0.79 to 0.84 for the model including clinical information readily available at ED admission; from AUC 0.85 to 0.88 for the model including full clinical information available at ED discharge; from AUC 0.67 to 0.83 for the model including information from initial triage scores. Compared to the model including ProADM only, the multimarker panel (including all three markers) provided only minimal additional improvement of around 0.01 in the AUC. The results for ICU admission and initial triage priority were similar with significant improvements by addition of ProADM and only minimal additional improvement with the multimarker panel. Improvements in risk assessment were also found in reclassification statistics. Table 4 shows the results of net reclassification improvement (NRI) across the three risk categories and integrated discrimination improvement (IDI) for continuous results. All models were significantly improved by the addition of ProADM (reclassification tables are presented in the Appendix). Particularly, ProADM increased the predicted risk of nonsurvivors in 14, 15 and 32 % in the different models. On the other hand, ProADM lowered the predicted risk in patients not needing ICU care by 10, 4 and 23 %. IQR interquartile range, ED emergency department, COPD chronic obstructive pulmonary disease, PCT procalcitonin, ProADM pro-adrenomedullin, WBC white blood cell count, SD standard deviation
Subgroup analysis
To study the robustness of our analysis across patient populations, we also investigated the prognostic performance of the markers for the three different outcomes in predefined subgroup analyses according to study center (Swiss, French, US), main medical diagnosis (infectious disease, cardiovascular disease, neurological disease), main symptom at ED presentation (nonthoracic pain, thoracic pain, respiratory symptoms, worsening of general condition, fever), age (<65 years, ≥65 years) and gender. As shown in the Appendix, results were similar in the different subgroups with the best performance in the French center, in patients with thoracic and nonthoracic pain, in patients with fever and in younger patients (age <65 years).
Discussion
Suboptimal triage causes delays in initial treatment and impaired outcome [3, 4] . A more adequate and prompt initial triage system usable in unselected, "real-life" ED patients may allow for an improved and more targeted ("personalized") management of patients in the ED [12] .
Within this large international cohort of unselected medical patients seeking ED care, we investigated the incremental usefulness of three biomarkers from distinct biological pathways for predicting short-term mortality, Biomarker data were log transformed before entering into the statistical models with a base of ten. The ORs therefore correspond to a tenfold increase in biomarker levels. Model 1 (age, gender), model 2 (age, gender, comorbidities, main symptom, main diagnosis), model 3 (age, gender, comorbidities, main symptom, main diagnosis, vital signs) ProADM pro-adrenomedullin, IQR interquartile range, OR odds ratio, CI confidence interval, AUC area under the curve ICU admission and high triage priority. ProADM emerged as the most informative biomarker for predicting adverse outcomes with high discriminatory ability particularly in regard to the primary endpoint -all-cause 30-day mortality. In addition, the use of ProADM added to the overall prediction of risk based on clinical parameters available on ED admission and ED discharge, as well as triage information. The addition of all three biomarkers in a "multimarker" model showed only minimal further improvements, as evidenced by small changes in the C-statistic. These results suggest that a combined clinical and biomarker approach may help to accurately risk stratify patients at the most proximal and challenging time point of ED admission. Risk prediction may also assist physicians in more rational decision making regarding initial site-of-care with implications for the entire hospitalization. Reducing the number of inhospital days is important not only for cost issues [37, 38] . Hospital-acquired disability is an emerging issue in health care and older, frail medical patients are at high risk for allegedly premature referral to a nursing home with consecutive depression and further deterioration of mental and physical independence [39] . This may help to identify both high-risk patients in need of urgent care and inhospital management and low-risk patients where longer waiting times have no detrimental consequences.
Our data show large improvements in risk prediction for all outcomes when ProADM is added to the clinical risk model as evidenced by significant improvement in AUCs with best performance in the initial triage model and the initial clinical model. Particularly for identification of patients at increased risk for 30-day mortality, ProADM was most helpful. Conversely, for assessment of triage priority, ProADM improved identification of low-risk subjects, which may help to "rule out" the need for immediate medical measures. Based on these results, it is tempting to hypothesize that an initial assessment including clinical and biomarker information will improve risk stratification of patients, which may translate into better patient flow and outcomes. Still, when looking at the reclassification statistics when looking at the reclassiciation statistics of the final overall clinical model, improvements were only modest across risk categories and it thus remains unclear how many patients would benefit from biomarker testing if used in clinical practice. Thus, there is need for verification of our hypothesis in an interventional trial.
Indeed, to improve hospital management of patients with lower respiratory tract infections, we have previously developed a biomarker-enhanced clinical risk score (combining the CURB65 score and ProADM) [18, 40] . The efficacy and safety of this score was recently tested in a randomized controlled trial at one of the participating hospitals [41] . Based on these studies focusing on respiratory infections, we hypothesized that combining clinical parameters and prognostic biomarkers to an established triage risk score at the very proximal time point of ED admission, also has a substantial and clinically relevant potential to improve its performance and translate into better triage of unselected medical patients on admission and during hospitalization.
While prognostic markers have been found in different patient populations, only few investigations have found improvement in care based on the incorporation of prognostic information into "real-life" management of unselected polymorbid medical patients. To our knowledge, no study has yet investigated prognostic markers for early triage, which can reduce time to treatment -a main predictor for patient outcomes. Indeed, the robustness of our observational findings in different settings, health care systems and medical patient populations in situations of diagnostic ambiguities can be seen as a strength of this study.
We are aware of several limitations. First, treatment priority as adjudicated by two independent attending physicians at ED discharge is not a "hard" endpoint and may be subject to variation due to different levels of experience of physicians. In anticipation of this limitation, we have developed guidelines to standardize adjudication based on previous research in this field [42] . We therefore used triage priority as a secondary endpoint and also focused on other more objective endpoints (i.e., mortality, ICU admission). Second, physicians and nurses were not blinded to the triage scores and thus may adapt their priority recommendation accordingly. This may overestimate the performance of the triage scoring systems. Third, we only focused on three markers based on their performance in previous research, but other markers such as lactate or C-reactive protein (CRP) may also show benefit for early patient triage [43] . Fourth, within this observational cohort, we are not able to demonstrate whether improved triage of patients translates into better management and improved outcomes; for this reason, a randomized controlled trial ultimately testing this hypothesis needs to be done. While most prognostic blood markers (including ProADM) are now commercially available within 1 to 3 hours, faster point-of-care tests are currently being developed that will enable measurement of markers within minutes, similar to a glucose measurement [44] . This will further improve bedside use of these markers in future trials. Finally, due to differences in health care systems and logistics at the ED, the cohorts were somewhat heterogeneous in the participating centers with differences in rates of adverse outcomes and outpatient treatment (e.g., outpatient rate in the Swiss 19.8 %, French: 61.6 % and US center: 0 %). However, the robust results when looking at the prognostic accuracy of markers among the different centers is reassuring and may validate the findings for these different health care settings.
Conclusions
In conclusion, combination of clinical information at ED admission with results of blood biomarkers allows early risk stratification in individual patients. The potential of early triage to improve patient flow, treatment times, medical outcomes and costs needs to be assessed in a randomized interventional trial. In light of the current discussion about limited health care resources, such a trial will have high relevance for our health care system.
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